The relative strengths of Rashba and Dresselhaus terms describing the spin-orbit coupling in semiconductor quantum well (QW) structures are extracted from photocurrent measurements on n-type InAs QWs containing a two-dimensional electron gas (2DEG). This novel technique makes use of the angular distribution of the spin-galvanic effect at certain directions of spin orientation in the plane of a QW. The ratio of the relevant Rashba and Dresselhaus coefficients can be deduced directly from experiment and does not relay on theoretically obtained quantities. Thus our experiments open a new way to determine the different contributions to spin-orbit coupling.
The manipulation of the spin of charge carriers in semiconductors is one of the key problems in the field of spintronics (see, e.g., [1] ). In the paradigmatic spin transistor, e.g., proposed by Datta and Das [2] , the electron spins, injected from a ferromagnetic contact into a two-dimensional electron system are controllably rotated during their passage from source to drain by means of the Rashba spin-orbit coupling [3] . The coefficient , which describes the strength of the Rashba spin-orbit coupling, and hence the degree of rotation, can be tuned by gate voltages. This coupling stems from the inversion asymmetry of the confining potential of two-dimensional electron (or hole) systems. The dependence of on the gate voltage has been shown experimentally by analyzing the beating pattern observed in Shubnikov-de Haas (SdH) oscillations [4 -10] . In addition to the Rashba coupling, caused by structure inversion asymmetry (SIA), also a Dresselhaus type of coupling contributes to the spin-orbit interaction. The latter is due to bulk inversion asymmetry (BIA) [11, 12] and the interface inversion asymmetry (IIA) [13, 14] . The BIA and IIA contributions are phenomenologically inseparable and described below by the generalized Dresselhaus parameter . Both Rashba and Dresselhaus couplings result in spin splitting of the band ( Fig. 1 ) and give rise to a variety of spin dependent phenomena that allow one to evaluate the magnitude of the total spin splitting of electron subbands.
However, usually it is not possible to extract the relative contributions of Rashba and Dresselhaus terms to the spin-orbit coupling. To obtain the Rashba coefficient , the Dresselhaus contribution is normally neglected [5] [6] [7] [8] [9] [10] . At the same time, Dresselhaus and Rashba terms can interfere in such a way that macroscopic effects vanish though the individual terms are large [15, 16] . For example, both terms can cancel each other, resulting in a vanishing spin splitting in certain k-space directions [17] .
This cancellation leads to the disappearance of an antilocalization [18] , the absence of spin relaxation in specific crystallographic directions [15, 19] , and the lack of SdH beating [16] . In a recent paper [20] the importance of both Rashba and Dresselhaus terms was pointed out: tuning such that holds, allows one to build a nonballistic spin-field effect transistor.
Below we demonstrate that angular dependent measurements of the spin-galvanic photocurrent [21, 22] 
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where k is the electron wave vector, and is the vector of the Pauli matrices. Here, the x axis is aligned along the 100 direction, y is aligned along 010, and z is the growth direction (see Fig. 1 ). The Hamiltonian of Eq. (1) contains only terms linear in k. As we show below, terms cubic in k in our experiments change only the strength of leaving the Hamiltonian unchanged.
To illustrate the resulting energy dispersion in Fig. 1 we plot the eigenvalues ofĤ H, "k, and contours of constant energy in the k x ,k y plane for different ratios of and . For Þ 0; 0 and 0; Þ 0 the dispersion has the same shape and consists of two shifted parabolas in all directions, displayed in Fig. 1(a) . However, Rashba and Dresselhaus terms result in a different pattern of the eigenstate's spin orientation in k space. The distribution of this spin orientation can be visualized by writing the spin-orbit interaction term in the formĤ H SO B eff k where B eff k is an effective magnetic field that provides the relevant quantization axes [23] . By comparison with Eq. (1) Here it is assumed that > > 0. For the Rashba case the effective magnetic field, and hence the spin, is always perpendicular to the corresponding k vector [ Fig. 1(b) ]. In contrast, for the Dresselhaus contribution, the angle between the k vector and spin depends on the direction of k. In the presence of both Rashba and Dresselhaus spin-orbit couplings, relevant for C 2v symmetry, the 1 1 10 and the 110 axes become strongly nonequivalent. For k k 1 1 10 the eigenvalues of the Hamiltonian are then given by " h 2 k 2 =2m ÿ jkj and for k k 110 by " h 2 k 2 =2m jkj. This anisotropic dispersion "k is sketched in Fig. 1(d) , and the corresponding contours of constant energy together with the spin orientation of selected k vectors are shown in Fig. 1(e) .
Angular dependent investigations of spin photocurrents provide a direct measure of the anisotropic orientation of spins in k space and hence of the different contributions of the Rashba and the Dresselhaus terms. We employ the spin-galvanic effect to extract the ratio of the Rashba and the Dresselhaus contributions. The spingalvanic current is driven by the electron in-plane average spin S k according to [17, 21] 
Therefore, the spin-galvanic current j SGE for a certain direction of S k consists of Rashba and Dresselhaus coupling induced currents, j R and j D [see Fig. 2(a) ]. Their magnitudes are j R / jS k j and j D / jS k j, and their ratio is
For S k oriented along one of the cubic axes it follows from Eq. (2) that the currents flowing along and perpendicular to S k are equal to j D and j R , respectively, yielding experimental access to determine =.
The experiments are carried out on 001-oriented n-type heterostructures having C 2v point symmetry. InAs=Al 0:3 Ga 0:7 Sb single QW of 15 nm width with free carrier densities of about 1:3 10 12 cm ÿ2 and mobility at room temperature 2 10 4 cm 2 =V s were grown by molecular-beam epitaxy. Several samples of the same batch were investigated at room temperature yielding the same results. The sample edges are oriented along the 1 1 10 and 110 crystallographic axes. Eight pairs of contacts on each sample allow one to probe the photocurrent in different directions [see Fig. 2(b) ]. For optical spin orientation we use a high power pulsed molecular far-infrared NH 3 laser [24] . The linearly polarized radiation at a wavelength 148 m with a power of 10 kW is modified to be circularly polarized by using a =4 quartz plate. The photocurrent j SGE is measured in unbiased structures via the voltage drop across a 50 load resistor in a closed circuit configuration [17] . It is detected for right ( ) and left ( ÿ ) handed circularly polarized radiation. The spin-galvanic current j SGE , studied here, is extracted after eliminating current contributions that 25 JUNE 2004 are helicity independent [25] : j SGE j ÿ j ÿ =2. Note that the spin-galvanic current is of the same order as the background current (see [25] ).
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The nonequilibrium in-plane spin polarization S k is prepared as described recently [21] : Circularly polarized light at normal incidence on the 2DEG plane, induces indirect (Drude-like) electron transitions in the lowest conduction subband of our n-type samples resulting in a monopolar spin orientation [26] in the z direction [ Fig. 2(b) ]. An in-plane magnetic field (B 1 T) rotates the spin around the magnetic field axis (precession) and results in a nonequilibrium in-plane spin polarization S k / ! L s , where ! L is the Larmor frequency and s is the spin-relaxation time. In the range of the applied magnetic field strength the spin-galvanic current in the present samples at room temperature rises linearly with B indicating ! L s < 1 and, thus, the Hanle effect is not present (see [25] ). The angle between the magnetic field and S k in general depends on details of the spinrelaxation process. In the InAs QW structure investigated here, the isotropic Elliot-Yafet spin-relaxation mechanism dominates [15, 27] . Thus the in-plane spin polarization S k of photoexcited carriers is always perpendicular to B and can be varied by rotating B around z as illustrated in Fig. 2(c) . This excess spin polarization S k leads to an increase of the population of the corresponding spin-polarized states. Because of asymmetric spin relaxation an electric current results [21] .
To obtain the Rashba and Dresselhaus contributions the spin-galvanic effect is measured for a fixed orientation of S k for all accessible directions [see Fig. 2(c) ]. According to Eq. (2) the current j R always flows perpendicularly to the spin polarization S k , and j D encloses an angle ÿ2' with S k . Here ' is the angle between S k and the x axis. Then, the current component along any direction given by angle can be written as a sum of the projections of j R and j D on this direction
Three directions of spin population S k are particularly suited to extract the ratio between Rashba and Dresselhaus terms. These geometries are sketched in Figs. 3(a) -3(c) , left column. In Fig. 3(a) , the spin polari-zation S k is set along 100 (' 0). Then from Eq. (4) follows that the currents along the 100 direction 0 and the 010 direction ( =2) are equal to j D and j R , respectively, as shown on the left hand side of Fig. 3(a) . Figure 3(b) illustrates another geometry. For a nonequilibrium spin polarization induced along 110 (' =4) Eq. (4) predicts that the current has its maximum value j j R ÿ j D at 3=4. If the spin is aligned along 1 1 10 [' ÿ=4 in Fig. 3(c) ], on the other hand, the maximum current j j R j D is expected to flow under an angle of =4. Thus, the relative strength of the measured j R ÿ j D and j R j D values allows a straightforward determination of j R =j D =.
The results are shown in Fig. 3 . The left hand side of Fig. 3 displays the geometric arrangement discussed above and shows the direction of the photogenerated spins S k and the resulting Rashba and Dresselhaus currents. The corresponding experimentally obtained currents measured in different directions are presented in polar coordinates on the right hand side of the figure. The current's magnitude is normalized to the maximum value of the spin-galvanic current obtained if Rashba and Dresselhaus contributions point in the same direction [ Fig. 3(c) ]. The ratio of Rashba and Dresselhaus currents can be directly read off from the right hand side of Fig. 3(a) , j R =j D j=2=j0, or can be evaluated from the maximum currents j in Figs. 3(b) and 3(c) . Both procedures give the same result: j R =j D 2:15 0:25. Moreover, all data on the right hand side of Fig. 3 are in excellent agreement with the picture given above: Using = 2:15, the three sets of the data points can be fitted simultaneously by Eq. (4) without additional fitting parameters.
The value of 2.15 agrees with theoretical results [28] , which predict a dominating Rashba spin-orbit coupling for InAs QWs and is also consistent with recent experiments [6, 18] . For InGaAs QWs, having similar sample parameters as the devices investigated here, = ratios were obtained from weak antilocalization experiments a) [18] and k p calculations [29] . The corresponding values ranged between 1.5-1.7 and 1.85, respectively. These results are in good agreement with our findings. The ratio of Rashba and Dresselhaus terms has previously been estimated by means of Raman spectroscopy [30] and transport investigations [18, 31] . In contrast to these works our method allows one to measure directly the relative strength of Rashba and Dresselhaus terms and does not require any additional theoretical estimations. So far we have not addressed the role of a contribution cubic in k in the HamiltonianĤ H SO . This results in terms proportional to k 3 in the Hamiltonian, which vary with the angle # k between k and the x axis. The angle appears as a linear combination of first and third order harmonics, i.e., as combinations of cos# k , sin# k and cos3# k , sin3# k terms (see, for instance, [18, 32] ). The spin-galvanic effect, on the other hand, is related to only the first order harmonics in the Fourier expansion of the nonequilibrium electron distribution function [32] . Hence, a cubic contribution leaves -for our photocurrent measurementsthe form of the Hamiltonian unchanged (though it modifies the spin splitting [30 -33] ) but renormalizes only the Dresselhaus constant : The coefficient hk 2 z i describing k-linear terms should be replaced by hk
Here is the bulk spin-orbit constant and hk 2 z i is the averaged squared wave vector in the growth direction (see, for instance, [18, 32] ).
In conclusion, we have shown that photocurrent measurements provide a new way to extract direct information on the different contributions to spin-orbit coupling. We note that also the circular photogalvanic effect [34] can be used to separate Rashba and Dresselhaus contributions. The same qualitative result for the ratio = was obtained [35] . In contrast to the spin-galvanic effect applied here, where a small in-plane magnetic field to prepare the necessary in-plane spin orientation S k is used, the circular photogalvanic effect does not require an external magnetic field. The method can also be used for other material systems like GaAs quantum wells, where, instead of the isotropic ElliotYafet spin-relaxation mechanism, the anisotropic D'yakonov-Perel mechanism dominates. In this case the anisotropy of the spin-relaxation process [15] , which results in an anisotropic spin distribution S k , must be taken into account.
